There is no licensed vaccine against the intracellular pathogen Francisella tularensis. The use of conventional mouse strains to screen protective vaccine antigens may be problematic, given the differences in the major histocompatibility complex (MHC) binding properties between murine and human antigen-presenting cells. We used engineered humanized mice that lack endogenous MHC class II alleles but that express a human HLA allele (HLA-DR4 transgenic [tg] mice) to identify potential subunit vaccine candidates. Specifically, we applied a biochemical and immunological screening approach with bioinformatics to select putative F. tularensis subsp. novicida T-cell-reactive antigens using humanized HLA-DR4 tg mice. Cell wall-and membrane-associated proteins were extracted with Triton X-114 detergent and were separated by fractionation with a Rotofor apparatus and whole-gel elution. A series of proteins were identified from fractions that stimulated antigenspecific gamma interferon (IFN-␥) production, and these were further downselected by the use of bioinformatics and HLA-DR4 binding algorithms. We further examined the validity of this combinatorial approach with one of the identified proteins, a 19-kDa Francisella tularensis outer membrane protein (designated 
Francisella tularensis is a Gram-negative bacterium and the etiological agent of the zoonotic disease tularemia. F. tularensis is classified into four subspecies, namely, F. tularensis subsp. tularensis, F. tularensis subsp. holarctica, F. tularensis subsp. mediasiatica, and F. tularensis subsp. novicida (F. novicida) on the basis of their biochemical and genetic profiles, virulence properties, and geographical origins (51) . To this end, F. tularensis subsp. tularensis (type A) is the most virulent subspecies, with the inhalation of as few as 10 organisms causing disease and mortality rates of between 30 and 60% in untreated cases of pneumonic tularemia (53) . The live vaccine strain (LVS) derived from F. tularensis subsp. holarctica has been used as a prophylactic vaccine against tularemia (48) . Millions of individuals in the Soviet Union were immunized with live vaccine strains between 1946 and 1960 (52) . However, LVS has not been licensed for use in the United States due to a lack of understanding of the genetic mutations that are responsible for attenuation of this strain, although it is used as an investigational new drug (IND) to immunize at-risk workers, primarily tularemia researchers. F. novicida, which causes disease only in immunocompromised humans but which is highly virulent for mice, has been used as a comparative model organism due to the high degree of genetic similarity with type A strains (98.1% homology between sequences common to strains U112 and SCHU S4 [45] ). We recently reported that a defined vaccine strain (⌬iglB) generated in strain U112 was effective in inducing heterologous protection against various Francisella strains in a mouse model of pulmonary tularemia, suggesting the conservation of protective antigens (12) .
Cell-mediated immunity has been documented to play an important role in protection against tularemia (2, 18, 19, 49, 56) . The role of antibodies, via neutralization and Fc receptormediated clearance (43, 44) in response to infection, has also gained significant attention. Therefore, the availability of a combination of multiple Francisella antigens containing T-cell and/or B-cell epitopes would be desirable for formulating an effective multivalent vaccine against this organism. However, the use of conventional mouse strains to identify protective antigens may not be feasible, given the differences in the major histocompatibility complex (MHC) binding properties between murine and human MHCs. These constraints can be overcome with the use of engineered humanized mice, such as the HLA-DR4 transgenic (tg) mouse. This mouse was generated to express the extracellular human ␣1 and ␤1 domains of the HLA-DRA and HLA-DRB1*0401 haplotypes, which form the peptide binding sites for antigen presentation, in conjunction with the murine ␣2 and ␤2 domains (29) . These chimeric molecules have been shown to exhibit the same antigen-binding specificity as HLA-DRB1*0401 and to be functional in presenting antigens to T cells (29) . The frequency of the HLA-DR allele in humans is 29% in Caucasian individuals, 10% in African American individuals, and 34% in other individuals (38) , underscoring the translational value of the epitopes identified in these mice for humans. We recently demonstrated the feasibility of using the HLA-DR4 tg mouse for the identification of vaccine antigens against genital Chlamydia infection (39) , demonstrating the value of the use of these animals in the rational selection of vaccine candidates.
In this study, we utilized a robust biochemical membrane protein fractionation method, cytokine recall assays, and humanized HLA-DR4 tg mice to identify putative CD4 ϩ T-cell-reactive antigens from U112. Moreover, using bioinformatics tools, we further validated one of the identified antigens (FTN_0119), designated Francisella outer membrane protein B (FopB), as a potential subunit vaccine candidate against pneumonic tularemia in HLA-DR4 tg mice.
MATERIALS AND METHODS
Bacteria. Francisella novicida strain U112 was provided by Francis Nano (University of Victoria, Victoria, British Columbia, Canada). KKF24, an iglC mutant of U112, was constructed as reported previously (32) . F. tularensis subsp. holarctica LVS (lot 703-0303-016) was obtained from Rick Lyons (University of New Mexico). Strains were grown overnight at 37°C in tryptic soy broth (TSB) supplemented with 0.025% sodium pyruvate, 0.025% sodium metabisulfite, 0.025% ferrous sulfate, and 0.1% L-cysteine. Frozen stocks were prepared and stored in TSB containing 30% glycerol. The bacterial titer of the frozen stocks and the numbers of viable bacteria in the inocula were determined by dilution plating.
Mice. HLA-DRA-IE␣/HLA-DRB1*0401-IE␤ transgenic (HLA-DR4 tg) mice were generated in the C57BL/6 genetic background and backcrossed to MHC class II-deficient (IA␤ Ϫ , IE␣ Ϫ ) mice to eliminate any effect of endogenous MHC class II proteins, as described previously (29) . Specific-pathogen-free HLA-DR4 tg mice were bred and housed at the University of Texas at San Antonio (UTSA) animal facility. C57BL/6 mice were obtained from the National Cancer Institute (Bethesda, MD). All animal care and experimental procedures were performed in compliance with the Institutional Animal Care and Use Committee (IACUC) guidelines at UTSA.
Biochemical membrane protein fractionation. F. novicida U112 was grown to late logarithmic phase, and the cells were pelleted by centrifugation (8,000 ϫ g, 10 min). The cells were resuspended in extraction buffer (50 mM Tris, pH 6.8, 150 mM NaCl) and were disrupted by two freeze-thaw cycles, followed by three cycles of sonication (30% amplitude for 30 s with 1-min intervals) on ice with a digital sonifier (Branson, Danbury, CT). This disrupted cell suspension was centrifuged (8,000 ϫ g, 10 min), and the resulting supernatant was discarded. The pellet material was washed exhaustively with extraction buffer, and proteins were extracted for 1 h at 4°C with extraction buffer containing 4% Triton X-114 (TX-114). The TX-114-treated pellet material was centrifuged (8,000 ϫ g, 10 min), and the supernatant was decanted. The decanted supernatant was allowed to partition at 30°C, resulting in a biphasic solution (aqueous and detergent phases). The aqueous phase served as the source of protein for this study. The proteins in the aqueous phase were concentrated by cold acetone precipitation, dissolved in 5% glycerol containing 1.75% ampholyte (pH range, 3.7 to 9.3; Bio-Rad, Hercules, CA), and separated into 20 fractions by liquid-phase isoelectric focusing with a Rotofor apparatus (Bio-Rad) under constant power of 15 W for 3 h, according to the manufacturer's instructions. The proteins were also fractionated on the basis of their molecular mass with a Bio-Rad whole-gel elution system. The proteins were dissolved in SDS sample-loading buffer (250 mM Tris buffer, pH 6.8, containing 10% SDS, 30% glycerol, 5% ␤-mercaptoethanol, and 0.02% bromophenol blue) without heating and were electrophoretically separated on 12% SDS-polyacrylamide preparative gels. The gel was placed on a whole-gel elution unit, and an electric current (10 V, 30 min) was applied to elute the separated proteins into 14 fractions in an elution buffer (25 mM Tris buffer, pH 8.3, containing 19.2 mM glycine and 0.01% SDS), according to the manufacturer's instructions. The endotoxin content of each fraction was determined by use of a Limulus amebocyte lysate kit (QLC-1000; Lonza, Walkersville, MD). Aliquots of each fraction were stored at Ϫ80°C until further use.
Protein identification. Multiple proteins were present in each eluted whole-gel subfraction. Proteins were resolved on a precast Ready-gel (Bio-Rad) and were stained with Coomassie blue (Invitrogen, Carlsbad, CA); and the protein band of each fraction was excised, subjected to trypsin digestion, and analyzed by matrixassisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry in the Proteomics Core of the University of Tennessee Health Science Center (13) . The resulting spectra were searched against those in the published F. novicida U112 genomic database (45) to identify proteins.
Bioinformatics analyses. The PSLpred algorithm (4) was used to identify secreted and membrane-bound proteins in the list of sequenced proteins, followed by a BLASTP search against the proteins obtained from the PSLpred database to exclude human and mouse homologous proteins. The HLADR4Pred algorithm (5) was then used to identify proteins containing epitopes with HLA-DR4 allele binding scores greater than 1.4, which are considered to be high-binding epitopes.
Antigen-specific cytokine recall assays. HLA-DR4 tg mice (three to four mice per group) were anesthetized with 3% isoflurane using a rodent anesthesia machine (Harvard Apparatus, Holliston, MA) (31) and were intranasally (i.n.) immunized with either 10 6 CFU of KKF24 (⌬iglC mutant of U112) in 25 l of phosphate-buffered saline (PBS) or PBS alone as a control. This vaccination dose was found to be optimal, as it caused no outward signs of illness and was highly protective against subsequent pulmonary F. novicida U112 challenge (41) . The spleens were collected from the vaccinated mice 14 days postimmunization and then pooled, and single cells were made and stimulated with the Rotofor apparatus and/or whole-gel elution fractionated proteins (0.25 g/200 l/well) for 72 h, as described previously (41) . In some experiments, CD4
ϩ T cells were enriched from nonadherent spleen cells (pooled from four mice) by using an EasySep mouse CD4 ϩ T-cell enrichment kit (StemCell Technologies, Vancouver, British Columbia, Canada) and stimulated with recombinant proteins in the presence of homozygous HLA-DR4 (DRB1*0401) human B cells as antigenpresenting cells (APCs) (21) . The cells also were cultured with the unrelated antigen hen egg lysozyme (HEL). The culture supernatants were collected after 72 h and assayed for gamma interferon (IFN-␥), interleukin-4 (IL-4), and IL-5 using optEIA kits (BD Biosciences, San Diego, CA), according to the manufacturer's recommendations.
Detection of antibody and isotype levels by ELISA. Microtiter plates were coated overnight at 4°C with 50 ng of protein fractions in sodium bicarbonate buffer (0.1 M, pH 9.5) and blocked for an additional 1 h at room temperature with PBS containing 5% fetal bovine serum (HyClone, Logan, UT) and 0.1% Brij (Sigma-Aldrich, St. Louis, MO). Serial dilutions of sera obtained from mice vaccinated with antigens or mock vaccinated with PBS alone (day 30) were added to the wells, and the plates were incubated for 2 h at room temperature. The plates were washed and incubated for 2 h with goat anti-mouse total Ig, IgG1, and IgG2a conjugated with horseradish peroxidase (Southern Biotech, Birmingham, AL). The plates were subsequently washed and incubated with tetramethylbenzidine (TMB) substrate for 30 min, and the absorbance (630 nm) was measured with an enzyme-linked immunosorbent assay (ELISA) microplate reader (Quant; Biotek Instruments, Winooski, VT). End-point titers were calculated by using an absorbance of 0.2 as the cutoff value. No binding of immune sera was observed when the plates were coated with the unrelated antigen HEL (50 ng/well).
Expression of recombinant FopB protein. PCR was used to amplify FopBencoding sequences (FTN_0119) from F. novicida U112 genomic DNA with specific primers containing an engineered NcoI site (underlined) in the sense primer (5Ј-GCCATGGAAAAAACTATACTAGGAGC) and an XhoI site (underlined) in the antisense primer (5Ј-GCTCGAGTTGCATCTTAGCTATAA CATC). FopB PCR amplicons were cloned by using the pGEM-T vector system (Promega, Madison, WI) and Escherichia coli TAM1 (Active Motif, Carlsbad, CA). Cloned plasmid pGEM-FopB was isolated from transformed E. coli TAM1 bacteria and digested with NcoI and XhoI restriction enzymes. The 0.54-kb fopB digest was inserted into the pET28a expression vector, using the same restriction sites, and the resulting plasmid (pET28-FopB) was used to transform E. coli BL21(DE3) (EMD Biosciences, Gibbstown, NJ) for protein expression. Plasmid pET28-FopB also contained a C-terminal polyhistidine (His 6 ) sequence to facilitate protein purification. Transformed BL21 cells were induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 3 h, and the expressed secreted recombinant FopB (rFopB) protein was isolated from the culture medium by affinity chromatography with His.Bind resin (EMD Biosciences), according to the manufacturer's instructions. Isolated rFopB protein with an endotoxin level of less than 2 unit/g was used in all experiments.
Intranasal rFopB vaccination and pulmonary challenge. C57BL/6 and HLA-DR4 tg mice were anesthetized i.n. with 3% isoflurane by use of a rodent anesthesia system and were immunized i.n. on day 0 with 7.5 g rFopB in 25 l of sterile PBS. This was accompanied by immunization with 10 g of CpG oligodeoxynucleotide (5Ј-TCCATGACGTTCCTGACGTT-3Ј; Operon, Huntsville, AL) on days Ϫ1, 0, and ϩ1. Some groups of mice were immunized subcutaneously (s.c.) on day 0 with 7.5 g of rFopB and 10 g of CpG formulated in incomplete Freund's adjuvant (Sigma-Aldrich). Mice were boosted once on day 14 with the same amount of antigen and were challenged i.n. with approximately 3.5 ϫ 10 4 CFU (ϳ5 50% lethal doses [LD 50 s]) of LVS on day 30. Mock (PBS)-vaccinated age-matched mice were used as controls. Animals were monitored daily for morbidity and mortality.
Statistical analyses. SigmaStat software (Systat Software Inc., San Jose, CA) was used to perform all tests of significance. Statistical analyses for the survival experiments were performed by the Kaplan-Meier test. Student's t test was used to determine differences in the levels of IFN-␥ production. All data are reported as means Ϯ standard deviations from each experimental animal group and are representative of at least two independent experiments.
RESULTS
Fractionation and identification of immunogenic F. novicida membrane proteins. We utilized a biochemical approach to extract membrane proteins from F. novicida and examined these antigens as potential vaccine candidates against pulmonary tularemia using humanized HLA-DR4 tg mice. Specifically, membrane proteins were extracted from F. novicida U112 using the nonionic detergent TX-114. Proteins recovered from the aqueous phase of the TX-114 extraction process were subjected to isoelectric focusing (pH 3.7 to 9.3) using a Rotofor apparatus. A total of 20 fractions (referred to here as the Rotofor fractions) were obtained from this process, and the majority of the hydrophilic proteins extracted with TX-114 were observed in fractions 5 to 10, as shown in Fig. 1 . The endotoxin levels in fractions 5 to 10 were found to be minimal (less than 1 EU/g protein). To identify potential subunit vaccine candidates within these fractions, we applied a novel screening approach using humanized HLA-DR4 tg mice to assess antigen-specific cellular cytokine recall responses. To this end, the HLA-DR4 tg mice were immunized with a highly attenuated defined U112 mutant, strain KKF24 (⌬iglC) (33) , and the mouse spleens were collected 14 days postvaccination. Prepared splenocytes were stimulated with selected Rotofor fractions 5 to 10 for 3 days, and the supernatants were collected for cytokine analyses. As shown in Fig. 2A , Rotofor fractions 5 to 10 induced significant (P Ͻ 0.005) IFN-␥ production from KKF24-primed splenocytes but not from cells obtained from mock-vaccinated animals. As expected, UVinactivated KKF24 induced robust IFN-␥ production specifically from the KKF24-primed spleen cells (Fig. 2A) . No detectable IL-4 and IL-5 responses were observed in spleen cells obtained from mice immunized with KKF24 when they were stimulated with the Rotofor fractions (data not shown), and a negligible IFN-␥ response was observed when the cells were stimulated with the nonspecific antigen HEL or were incubated with medium alone (data not shown). In order to evaluate the humoral response, we pooled fractions 5 to 7 and 8 to 10, given their similar protein profiles on SDS-polyacrylamide gels. HLA-DR4 tg mice were immunized i.n. with the respective pooled fractions plus CpG, boosted on day 14, and bled on day 28; ELISA analysis for serum antibody was subsequently performed. As shown in Fig. 2B , sera from mice vaccinated with pooled fractions 5 to 7 induced significantly (P Ͻ 0.005) greater antigen-specific total antibody production than sera from animals immunized with fractions 8 to 10. Minimal binding of immune sera to the unrelated antigen HEL was observed, and as expected, sera from mock-treated mice did not react to any of the Rotofor fraction groups (data not shown). Collectively, Rotofor fractions 5 to 7 were subjected to further analysis, given the robust antigen-specific IFN-␥ and antibody response.
Subfractionation of Rotofor fractions. Each of the selected Rotofor fractions (fractions 5 to 7) was further subfractionated by whole-gel elution. As shown in Fig. 3A , proteins from fraction 5 were separated primarily on the basis of molecular mass; however, multiple Coomassie blue-stained bands were visible in most of the 14 whole-gel subfractions, indicating the presence of more than one protein in each individual subfraction. Rotofor fractions 6 and 7 were also subfractionated by wholegel elution. To further identify potential subunit vaccine candidates within these fractions, we utilized a similar screening approach using humanized HLA-DR4 tg mice to assess antigen-specific cellular cytokine recall responses. These analyses revealed marked cellular cytokine recall responses with total TX-114-extracted protein (TP); Rotofor fraction 5; and sub- Fig. 3C) . Additionally, antigen-specific IFN-␥ responses were observed in subfractions 6.5 and 7.3 (Fig. 3D) . The protein profiles of subfractions 6.5 and 7.3 are shown in Fig. 3B . Negligible IFN-␥ production was observed with cells from mock-vaccinated animals or with cells from vaccinated animals stimulated with HEL or medium alone (data not shown). Therefore, on the basis of their immunogenicities and molecular masses, subfractions 5.5, 5.8, 5.9, 5.10, 5.13, 6.5, and 7.3 were selected for protein identification.
Identification of putative CD4
؉ HLA-DR4-restricted T-cell antigens. Each of the seven selected subfractions was subjected to electrophoresis on 12% SDS-polyacrylamide gels, and Coomassie blue-stained bands were excised, digested with trypsin, and analyzed by MALDI-TOF mass spectrometry. A range of 7 to 14 proteins from each subfraction and a total of 83 distinct proteins were identified. These proteins were filtered, using the bioinformatics strategy outlined in Fig. 4 , in order to identify membrane proteins that had minimal homology to human and mouse proteins and that exhibited a high score for MHC class II binding epitopes. Specifically, the PSLpred algorithm was used to eliminate putative cytosolic proteins. The exclusion of cytosolic proteins in this study was done primarily to achieve a manageable number of antigens for characterization and secondarily because cytosolic proteins are theoretically less likely than surface proteins to serve as targets for neutralizing antibody. The BLASTP algorithm (E value ϭ 0.001, filtered by use of the SEG program) (1) was utilized to select proteins with minimal homology to human and mouse proteins. These proteins (19 total) were subsequently subjected to analysis with the HLA-DR4Pred algorithm (5) in order to identify promiscuous HLA-DR4-restricted epitopes with binding scores greater than 1.4. Collectively, these analyses resulted in the identification of the eight proteins listed in Table 1 . This list of HLA-DR4-restricted CD4 ϩ T-cell antigens consisted of three hypothetical proteins (FTN_0320, FTN_0918, and FTN_1381) with unknown function and five proteins exhibiting significant homology to other characterized bacterial proteins, according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (30) . FTN_0218 is a putative dihydropteridine reductase, which catalyzes the reduction of nitroaromatic compounds and quinines (42) . FTN_0545 is a putative glycosyltransferase and may be responsible for catalyzing the transfer of sugar moieties from activated donor molecules to specific acceptor molecules, which results in the formation of glycosidic bonds (7). FTN_0597 is a protein disulfide isomerase belonging to the DsbA family and the Com1-like subfamily. Com1 is a 27-kDa outer membraneassociated immunoreactive protein found in Coxiella burnetii strains (26) . FTN_1220 is a sugar transferase involved in lipopolysaccharide synthesis (60) . FTN_0119, FTN_0545, and FTN_1220 belong to the cell wall/cell membrane biogenesis category under the cluster of orthologous groups of protein classification (57) .
Validation of FTN_0119 as a CD4
؉ HLA-DR4-restricted T-cell antigen. As a first step toward validating the list of T-cell antigens identified, we further characterized the immunogenicity of FTN_0119. This protein, an OmpH-like protein, has been annotated as an outer membrane protein with unknown function (45) and was designated FopB in this study. The Efficacy of intranasal vaccination with rFopB. Given the immunogenicity of FopB in inducing robust IFN-␥ responses, we evaluated the protective immunity induced following vaccination with rFopB. C57BL/6 and HLA-DR4 tg mice were vaccinated i.n. or s.c. with rFopB plus CpG, boosted once on day 14, and subsequently challenged on day 30 with LVS. The use of CpG as the adjuvant was based on findings described in our previous publications (11, 34) , in which we demonstrated that the inclusion of CpG augmented protection following i.n. vaccination. As shown in Fig. 7 , i.n. vaccination with rFopB conferred 50% protection (P Ͻ 0.05) against an otherwise lethal pulmonary challenge of 5 LD 50 s of LVS (3.5 ϫ 10 4 CFU) in both C57BL/6 and HLA-DR4 tg mice compared with the protection conferred to LVS-challenged mock-vaccinated mice, all of which succumbed to the infection by day 10. In contrast, s.c. immunization with rFopB provided only 33.3% and 16.7% protection in C57BL/6 and HLA-DR4 tg mice, respectively (Fig. 7) . Given the protective efficacy conferred by vaccination with this single antigen, we also directly assessed the ability of FopB to induce IFN-␥ production. HLA-DR4 tg Fig. 8B ). Isotype analyses indicated that both Th1-type (IgG2a) and Th2-type (IgG1) antibodies were produced in FopB-vaccinated mice. No FopB-specific antibody was detected in mock (PBS)-vaccinated mice, and none of the serum samples showed reactivity to the unrelated antigen HEL (data not shown). Collectively, i.n. immunization with FopB induced antigen-specific humoral and cell-mediated immune responses and provided partial protection against lethal pulmonary LVS challenge in C57BL/6 and humanized HLA-DR4 tg mice.
DISCUSSION
By using conventional infection models, peptides presented via mouse MHC class II molecules may be different from those presented via HLA molecules in humans. The HLA-DR4 haplotype is one of the major human class II MHC molecules, and the humanized HLA-DR4 tg mouse is an ideal platform for screening for F. tularensis T-cell antigens. Using a robust biochemical membrane fractionation system and HLA-DR4 tg mice, we have identified at least eight putative F. tularensis antigens highly reactive with T cells. We further validated that one of these antigens, FopB, is processed and presented by human APCs expressing HLA-DR4 (DRB1*0401) and show that vaccination with this single antigen conferred protection against pulmonary LVS challenge.
In this study, we screened antigens only from the aqueous phase of TX-114-extracted membrane-associated cellular components due to the better separation in the subsequent Rotofor fractionation step. A total of 83 proteins were initially identified from fractions that induced cellular IFN-␥ responses, and these were subsequently narrowed down to eight proteins exhibiting a high binding affinity for HLA-DR4. This biochemical isolation strategy relied on the use of Triton X-114 to isolate proteins from the cell membrane (6, 46) . The low cloud point (20°C) of TX-114 permits partitioning of proteins into the detergent and aqueous phases on the basis of the hydrophobicity of the protein. Although most antigen identification in previously reported studies (23, 36, 58) has been focused on detergent-phase proteins, those proteins present in the aqueous phase may have considerable value as antigens. Specifically, Mycobacterium tuberculosis cell membrane proteins partitioned from the aqueous phase have been shown to stimulate peripheral blood mononuclear cells from Mycobacterium bovis BCG-vaccinated humans to a comparable degree to detergentphase proteins (50) . Moreover, an outer membrane cell wall protein (SOWgp) of Coccidioides immitis partitioned in the TX-114 aqueous phase was found to elicit both humoral and cell-mediated immune responses in patients with coccidioidomycosis (28) .
F. novicida was used in this study due to the high degree of genetic similarity and protein homology to the genes and proteins of virulent type A organisms (45) . Moreover, F. novicida exhibits a high degree of virulence in mice (33, 40) and exhibits features of evasion of phagolysosomal fusion and phagosome escape within infected human-derived macrophages similar to those of F. tularensis subsp. tularensis (9, 47) . F. novicida has also proven to be greatly amenable to genetic manipulation (22) , in contrast to other F. tularensis subspecies, allowing the identification and study of defined attenuating mutations by FIG. 7 . Intranasal immunization with rFopB-protected mice against pulmonary LVS challenge. C57BL/6 and HLA-DR4 tg mice (6/group) were i.n. or s.c. primed and boosted with rFopB. The mice were rested for 16 days after boosting, challenged i.n. with 35,000 CFU of LVS (ϳ5 LD 50 s), and monitored for survival. LVS-challenged mock-vaccinated mice were used as controls. The difference in the rate of survival between i.n. rFopB-immunized and mock-vaccinated mice was significant at a P value of Ͻ0.05 in both strains of mice. (12, 40, 41, 43, 44) , providing evidence for the presence of conserved protective antigens. This is further evident from the results of our current screening with HLA-DR4 tg mice, in which the proteins identified in F. novicida exhibited a high degree of identity to SCHU S4. Of the eight T-cell-reactive antigens identified, FopB (FTN_0119) was the first protein that we further characterized for immunogenicity and evaluated as a potential subunit vaccine candidate. FopB is a 19-kDa protein and has distant homology to OmpH of Coxiella (BLASTP expectation score, 5eϪ08). The OmpH-like proteins are present in many bacterial species (35) ; however, the functions of these proteins have not been well characterized. OmpH-like proteins have been reported to confer protective immunity to Flavobacterium psychrophilum (16) and Chlamydia pneumoniae (20) . Our results showed that FopB is a HLA-DR4-restricted T-cell antigen and can be presented by homologous human APCs. Conventional C57BL/6 and HLA-DR4 tg mice vaccinated i.n. with the single antigen rFopB plus CpG were shown to be partially protected (50% survival) against lethal pulmonary LVS challenge, suggesting that this antigen may be a good candidate for use in the formulation of a more effective multivalent tularemia vaccine. Moreover, intranasal immunization with rFopB plus CpG was found to induce protection greater than that conferred by the s.c. route. Intranasal vaccination has the added advantage of directly targeting mucosal surfaces and may augment the levels of local secretory antibodies and cellular immunity at the site of primary infection. Indeed, reports have shown that aerosol/ i.n. vaccination with LVS results in better protection than scarification/subcutaneous vaccination against pulmonary type A challenge in mice, monkeys, and humans (17, 27, 59) . Given the success seen with FopB, expression and immunovalidation of the remaining seven novel proteins containing putative HLA-DRB*0401 binding epitopes are under way. The translational value of HLA-DR4 tg mice has been shown with the identification of T-cell-reactive peptides against the outer surface protein of Borrelia burgdorferi, which tends to generate a similar immune response in patients with treatment-resistant Lyme spirochete-induced arthritis (24) . Moreover, we have recently reported on the utility of the HLA-DR4 tg mice in mapping a specific HLA-DR4-restricted chlamydial epitope (39) . Given that Francisella-specific antigens can be presented in an HLA-DR-restricted manner in LVS-vaccinated humans (54, 55) , proteins identified with HLA-DR4 tg mice provide a powerful platform that may be used to map candidate CD4 ϩ T-cell antigens that may be highly immunogenic in humans.
Effective antigen processing and presentation via the MHC II pathway results in the induction of antigen-specific CD4 ϩ T cells, which facilitate the development of robust humoral immunity. To this end, we have shown (43, 44 ) the requirement of antigen-specific CD4 ϩ T cells in conferring protective immunity against F. novicida and F. tularensis challenge. A similar contribution of CD4 ϩ T cells in conferring protective immunity against pulmonary Francisella LVS challenge has been shown by others (3). Antigen-specific CD4 ϩ T cells are a significant source of inflammatory cytokines, such as IFN-␥, that have been shown to be vital in providing protective immunity against F. tularensis by participating in the activation of phagocytic cells and the containment of bacterial dissemination. Moreover, IFN-␥ is a known isotype switch factor for IgG2a production (10) and the subsequent induction of effective humoral responses.
In summary, by using a combinatorial biochemical and bioinformatics approach, we have reported on the feasibility of using humanized HLA-DR4 tg mice for the identification of putative Francisella-specific CD4 ϩ T-cell antigens. The platform developed in this study may be used to identify potential subunit vaccine candidates that may lead to an effective multivalent vaccination strategy to induce protective immunity against F. tularensis in humans.
